Spin-sensitive Long-ranged Proximity Effect for Triplet Superconductors 
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The discovery of noncentrosymmetric superconductors, such as CePi3Si, and chiral superconductors, such 
as Sr2Ru04, calls for experimental methods to identify the presence of spin-triplet pairing. We here demon- 
strate a method which accomplishes this in an appealingly simple manner: a spin-sensitive proximity effect in 
a ferromagnet | triplet superconductor bilayer. It is shown how the orientation of the field can be used to unam- 
biguously distinguish between different spin- triplet states. Moreover, the proximity effect becomes long-ranged 
in spite of the presence of an exchange field and even without any magnetic inhomogeneities, in contrast to 
conventional S|F junctions. Our results can be verified by STM-spectroscopy and could be useful as a tool to 
characterize the pairing state in unconventional superconducting materials. 

PACS numbers: 



Superconductivity may be defined as conventional or un- 
conventional depending on the properties of the pairing state 
and whether or not multiple broken symmetries are present in 
the system. In conventional superconductors, the pairing state 
belongs to the trivial representation of the point-group and the 
system ground state breaks the U(l) gauge symmetry. On the 
other hand, unconventional superconductors display pairing 
symmetries belonging to higher-dimensional representations 
of the point group and may also exhibit multiple broken sym- 
metries in the ground state. Examples of the latter are fer- 
romagnetic superconductors 1 1 1 with simultaneously broken 
U(l) and SU(2) symmetries due to the presence of an intrin- 
sic magnetization, and noncentrosymmetric superconductors 
0, where the absence of a definite parity of the lattice leads 
to the mixing of even- and odd-parity superconducting order 
parameters. 

In order to characterize the properties of a superconduct- 
ing system, much relies on determining the orbital- and spin- 
symmetry of the order parameter (OP), a topic currently un- 
der intense investigation To acquire information about 
the order parameter, it is often useful to study how the su- 
perconducting correlations behave when placed in proximity 
to a non-superconducting material such as a normal metal. 
This idea has been employed previously in several works 
studying e.g. normal metal |non-centrosymmetric supercon- 
ductor (N|NCS) junctions l8l- [TT1 in order to look for unique 
signatures of the superconducting OP. However, the non- 
superconducting material does not necessarily have to be a 
simple normal metal. Instead, it may feature intrinsic prop- 
erties, such as magnetism, which then provide an arena for 
studying the interplay between superconductivity and differ- 
ent types of electronic ordering |[T2l . 

A natural question arises: could such an interplay be use- 
ful in order to extract information about the superconducting 
state? In this Letter, we demonstrate that a ferromagnet | triplet 
superconductor bilayer provides an appealingly simple and 
powerful method of clearly distinguishing between differ- 
ent types of triplet pairing states, thus providing information 
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FIG. 1: (Color online). The experimental setup proposed for a spin- 
sensitive proximity effect: a ferromagnet| triplet superconductor bi- 
layer separated by a thin insulating barrier. The ferromagnetic layer 
has a thickness dp and the superconducting condensate is character- 
ized by a dk-vector. 



about the nature of the superconducting condensate. We show 
that this is a direct result of a spin-sensitive long-ranged prox- 
imity effect. The interesting features about this effect are that 
it provides i) unambiguous signatures in the DOS due to an 
interplay between the exchange field h and the dk vector and 
also that ii) the proximity effect becomes long-ranged in spite 
of the presence of h, thus decaying on a scale of the normal 
coherence length \? = y/D/T where D is the diffusion con- 
stant and T is the temperature. In this way, one may in a 
controllable way probe experimentally the nature of the pair- 
ing symmetry in unconventional superconducting materials 
via e.g. scanning-tunneling-microscopy (STM) measurements 
in the proximate non-superconducting region. Moreover, this 
finding suggests an alternative to other methods where mea- 
surements are performed on the superconductor itself in the 
presence of an external magnetic field, which can lead to am- 
biguous interpretations due to e.g. formation of a vortex lat- 
tice. Finally, the effect predicted in this Letter constitutes a 
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way of generating a long-range proximity effect without any 
magnetic inhomogeneity in the ferromagnetic layer. This is 
in contrast with the situation considered in conventional S|F 
structures, where such a long-ranged proximity effect only oc- 
curs in the presence of inhomogeneous magnetization lfl3l . 
We explain the microscopic mechanism responsible for the 
discrimination between different triplet states, due to the cou- 
pling to the ferromagnetic exchange field h, which is a general 
result that can be applied to identify the dk-vector in arbitrary 
triplet superconductors. As a concrete application of our re- 
sults, we consider two specific cases: a non-centrosymmetric 
superconductor and a chiral superconductor. For these two 
cases, we demonstrate the manifestation of a spin-sensitive 
long-ranged proximity effect in the density of states. 

Let us introduce the theoretical framework employed here 
to arrive at our main results. We will use units such that 
h = c = 1 and use „. for 2x2 matrices while . ? . denotes 4x4 
matrices. We will make use of the quasiclassical theory of su- 
perconductivity, where the main assumption is that the Fermi 
energy is the largest energy-scale in the system, and sketch 
the framework for the specific case of a non-centrosymmetric 
superconductor. So far in the literature, there exists no study 
of the proximity effect for a non-centrosymmetric supercon- 
ductor. Here, we shall study precisely this and additionally 
demonstrate how this proximity effect becomes spin-sensitive 
when the proximity layer is a ferromagnet. The antisymmet- 
ric spin-orbit coupling in the NCS is modelled by a Rashba- 
type interaction gk = A.(n x k) , where X denotes the strength 
of the spin-orbit interaction and n denotes the axis of broken 
inversion symmetry. More specifically, the crystallographic 
structure of the material does not have a mirror plane with n 
as normal vector. In what follows, we will consider a situa- 
tion where the mirror plane with the [001] direction as nor- 
mal vector is lost in the crystal, i.e. n = z. The spin-orbit 
coupling vector may then be written as gk = X(—k y ,k x ,0). 
In general, one then finds that the superconducting order pa- 
rameter in the original spin basis may be written as A k = 
A01G3, + dk ■ oiOy, dk = A, (—ky,kx,0) /kp, where kf is the 
Fermi wavevector and Ao and A r are singlet and triplet gap 
amplitudes for NCS, respectively. The singlet amplitude Ao 
will be used as reference energy. 

We now obtain a general expression for the retarded 
Green's function in a bulk noncentrosymmetric superconduc- 
tor. Starting out from the second quantized Hamiltonian in 
real-space, one finds the following expression for the matrix 
Green's function in Spin ® Nambu space: 



G(p,e) = (ep 3 -|p-£] 



p-^ p ^p)-\^ p = [p7(2m)]l. 
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The quasiclassical Green's function g{pp,e) is then obtained 
by integrating out the dependence on kinetic energy. The 
Green's function is assumed to be strongly peaked around 
Fermi level, and one obtains g(pj?,e) = ^ J~ 00 d^pG(p,e). In 
the NCS, a high impurity concentration would suppress com- 



pletely the odd-parity spin-triplet component dk of the super- 
conducting order parameter. We therefore consider a ballistic 
superconducting region, and make use of the bulk solution gs 
which may be obtained from the Eilenberger equation by set- 
ting the gradient term to zero [ 14 1 : [ep3 — £ PF + A PF ,gs\- =0. 
The Green's function reads [ 131: 
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where C{<?) = c + l + (a,.cos(p — a x sin(p)c~, 5(9) = io y s + + 
(!cos(p + a z sin(p)s~, and denotes a 2x2 matrix in spin- 
space. Above, we defined c — c + ± c_, s — s + ± s_, be- 
ing c± = cosh(9±), s± = sinh(8±), 9± = arctanh(A ± /£) and 
A* = Ao ± A,, having chosen real amplitudes for singlet and 
triplet components of the gap function. Note that (p is the az- 
imuthal angle in the xy-plane. The inverse proximity effect, 
from the ferromagnet into the superconductor, can be shown 
to be negligible for a low-transparency barrier and wide su- 
perconducting region [ 16 1. 

In the non-superconducting region, we consider the dif- 
fusive regime of transport which often is the experimentally 
most relevant one. In order to calculate the Green's function g, 
we need to solve the Usadel equation with appropriate bound- 
ary conditions at x — and x = dp. Since we employ a numer- 
ical solution, we have access to study the full proximity effect 
regime. The Usadel equation [17] in the N part reads: 



Dd {gdg) + 1 [ep 3 + diag [h • a, (h • a) T ] , g] = 0. 



(3) 



Boundary conditions applicable to diffusive normal 
metal I unconventional superconductor junctions were de- 
rived in |[l"8l . We assume that materials are separated by 
an infinitely thin insulating barrier of the form H8(x), 

corresponding to a transmissivity T (9) 
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where 



Z = 2mH/kf is a dimensionless parameter quantifying the 
barrier strength. Other relevant parameters are the resistance 
of non-superconducting layer Rp and insulating barrier resis- 

Tt/2 

tance Rb — 2Ro/t, where t — JLjn/ 2 ^9 T (9) cos(cp) and Rq is 
the contact Sharvin resistance. Being it a function of constric- 
tion area, it can be considered an independent parameter with 
respect to Z. For arbitrary interface transparency boundary 
condition at x = can be written as Fdpgdg = 2([^,B((p)]), 
where T = Rb/Rf and (. . .) represents an angular average on 

tc/2 

Fermi surface: (/((p)) = /_y [ /2^9 /(9) cos ( ( P)/ f - The matrix 
0(9) can be written as 



-T'(i+H~_ 



T a gHZ l H^ 



-T> [g,HI l ] +HZ l H + -T^gHZ x H+g 
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where H ± = (&(<p) ± &(JC-<p))/2 and 7"(q>) = r(q>)/[2- 
T (9) + 2 yT— r(cp)] . At x = dp the N part borders to vacuum 
so that the boundary condition simply read dg = 0. 

In what follows, we analyze the proximity effect in the nor- 
mal electrode by examining the quasiparticle density of states 
(DOS) defined as N(e) /N = Re[gn +g22]/2, where N is the 
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FIG. 2: (Color online). Le// panel: DOS at x = rf/? in a F|NCS junc- 
tion for h| |z and different values of exchange field. Right panel: DOS 
at x = df for chiral p x + ip y superconducting electrode for h| z and 
different values of exchange field. 
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FIG. 3: (Color online). Left panel: DOS at x = d? in a F|NCS junc- 
tion for h| |y and different values of exchange field. Right panel: DOS 
at x = df for chiral p x + ip y superconducting electrode for h| |y and 
different values of exchange field. 



normal-state DOS. To be as concrete as possible, we restrict 
ourselves to a realistic choice of parameter set: dp = 1.5 
(corresponding to a Thouless energy Erh ~ 0.45Ao), Z = 2, 
r = 0.01, and later comment on how their variation would 
affect our results. This choice ensures that the junction has 
a rather low interface-transparency and that the ferromag- 
netic layer has a thickness comparable to the supercondcut- 
ing coherence length. To model inelastic scattering, we add 
a small imaginary part 8 to the quasiparticle energies, where 
8/Aq = 0.01. The system under consideration consists of a 
typical STM measurement setup where the layers lie in the yz- 
plane, thus stacked along the x-axis (see Fig. [TJ. Our calcula- 
tions assume translational invariance in the directions parallel 
to the interface region and are performed in 2D. However, we 
underline that the results reported here remain equally valid in 
3D due to the symmetry of the superconducting order param- 
eters considered. 

Before illustrating our results for a F|NCS structure we 
briefly comment on the proximity effect in an N|NCS struc- 
ture since this has not been studied previously in the literature. 
The qualitative features of the DOS evaluated for this system 
strongly depend on the relative amplitude of the singlet and 
triplet component: a qualitative change occurs when A t ex- 
ceeds Ao in magnitude. We find that the fully suppressed low- 
energy DOS transforms into a peak-structure due to the ap- 
pearance of zero-energy states resulting from the triplet com- 
ponent [8] [10)- In this way, probing the DOS in a normal metal 
contacted to a NCS via e.g. STM-spectroscopy reveals direct 
information about the triplet contribution in the superconduct- 
ing condensate. We concentrate here on the latter situation and 
fix the relative amplitude of gap components as A, = 1.5A(). 

We now focus on the main result in this Letter: a 
spin-sensitive long-ranged proximity effect. To understand 
how this effect works, we first demonstrate it on two ex- 
perimentally relevant examples: a noncentrosymmetric su- 
perconductor described by Ak = Aoio, + dk ■ Oio y , dk = 
A t (— ky,k x ,0) /kf„ and a chiral p x + ip y -wa\e superconductor 
described by dk = Ao(0, 0, k x + ik y )/kp. We choose these two 
particular cases because most experimental studies so far sug- 



gest that they describe the superconducting states of CePt3Si 
and Sr2Ru04, respectively. In Fig. [2] the DOS evaluated at 
the top of the structure (x = <If) and the exchange field h||z 
in the ferromagnet are shown. In this situation, the zero en- 
ergy peak (ZEP) in the DOS is completely insensitive to the 
ferromagnetism in the NCS case (left panel): even very for 
high exchange fields, the DOS remains virtually unchanged 
compared to a normal diffusive electrode. The peak is seen 
to persist even at distances far inside the ferromagnetic layer 
(3> %f)< evidencing that we are dealing with a long-range 
proximity effect in spite of the presence of an exchange field. 
Moreover, we note that the proximity effect is long-ranged 
even without any magnetic inhomogeneity, in complete con- 
trast to conventional S|F hybrid structures. In the case of a 
superconducting electrode featuring a chiral ;?-wave symme- 
try (right panel), the situation changes qualitatively: the prox- 
imity effect is now strongly dependent on the exchange field, 
and vanishes completely when h S> Ao, which is opposite to 
the NCS case. 

To demonstrate the spin-sensitivity of this proximity effect, 
we now turn to the case where the field satisfies h| |y, as shown 
in Fig. [3] The field still lies in the plane of the ferromagnet, 
as is experimentally the case for e.g. thin-film structures. In 
order to change the orientation from h||z to h||y, one could 
grow two separate samples where the exchange field is locked 
to different orientations via e.g. antiferromagnetic coupling, 
or alternatively grow the layers in different crystallographic 
orientations to effectively change the orientation of the ex- 
change field. As seen in Fig. [3] the features of the DOS are 
now opposite to the case h| |z: the peak appearing for the NCS 
is destroyed by the exchange field while the peak in the chi- 
ral p x + ip y case remains uninfluenced by the presence of an 
exchange field. As before, this not only leads to the survival 
of the ZEP in the DOS, but also makes the proximity effect 
long-ranged inside the ferromagnet even if there is no mag- 
netic inhomogeneity. In effect, the roles of the NCS and the 
chiral superconductor have been reversed. These results sug- 
gest that simply by altering the in-plane orientation of the ex- 
change field in the ferromagnet, the proximity-induced DOS 
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serves as a clear discriminator against different triplet states. 

We now proceed to explain the underlying physics behind 
these results. The triplet pairing in the superconducting con- 
densate has a spin-degree of freedom described by the dk- 
vector and thus couples to the orientation of the exchange 
field. In the NCS case, the net triplet condensate has zero 
spin-projection, but it is comprised of two equal contributions 
of S z = ±1 pairing gaps. Therefore, an exchange field applied 
along the z-direction has no influence on the triplet pairing 
since it simply renormalizes the chemical potential. However, 
applying the field along the y-direction effectively induces 
spin-flip scattering which breaks the S z = ±1 Cooper pairs 
and thus suppresses the proximity effect. Because of this, the 
ZEP is present for h||z but absent for h||y. In the chiral su- 
perconducting state, chosen to model the pairing symmetry 
believed to be realized in S^RuC^, the triplet component be- 
longs to the S z = class and thus has a spin confined to the 
xy-plane. By a similar argument as above, an exchange field 
applied in this plane does not interact destructively with the 
triplet pairing, while a field applied along z induces spin-flip 
scattering detrimental to the Cooper pairs. 

This line of reasoning holds quite generally for any triplet 
state. Although there exist alternative experimental tech- 
niques to probe the triplet pairing symmetry which are also 
based on the interaction between a magnetic field and the 
dk-vector, such as spin susceptibility and thermal conduc- 
tance measurements |fl9l l20l . these techniques are based on 
applying an external magnetic field directly to the supercon- 
ductor. In contrast, the spin-sensitive proximity effect con- 
sidered in this Letter has an advantage compared to previ- 
ous methods in that the superconducting and magnetic cor- 
relations originate with different parts of the system and that 
the measurements do not have to be performed on the super- 
conductor, thus avoiding complications with induced vortex- 
configurations via an external field. Instead, all the infor- 
mation about the triplet condensate can be probed simply by 
measuring the DOS in the non-superconducting region. The 
proximity effect also becomes long-ranged in the ferromag- 
net irrespective of whether it has a weak or strong exchange 
field, such that one is not restricted to probing the correlations 
within a few nanometers of the interface region as in conven- 
tional S|F structures. 

Concerning the experimental realization of the 
ferromagnet | triplet superconductor junctions considered 
here, one would need to couple the ferromagnetic layer to 
the plane of the superconductor where the order parameter 
experiences a sign reversal, in order to produce the ZEP. 
Depending on the crystal structure, this could be challenging 
with respect to cleaving along an appropriate lattice plane for 
certain materials, e.g. the ac-plane for Si"2Ru04. However, 
we also note that a possible pinning of the dk vector by 
spin-orbit coupling in triplet superconductors |fT9l is not only 
unproblematic for our purposes, but actually beneficial since 



it stabilizes the orientation of the dk vector. We have also 
checked numerically how robust the spin-sensitive proximity 
effect is against a misalignment of the field, i.e. when it is 
not fully oriented along the y- or z-axis for our setup, due to 
e.g. the presence of stray fields or magnetic inhomogeneities. 
Only small quantitative changes are observed for misalign- 
ment angles up to 15-20°, such that the effect exhibits some 
robustness towards imperfections in the orientation of the 
field. Finally, we note that our results could be used to 
identify if the dk-vector in eutectic Sr2Ru04-Sr3Ru207 is 
stabilized to (— k y ,k x ,Q) instead of (0,Q,k x + ik y ) as in bulk 
Sr2Ru04, which was suggested very recently in Ref. |2T1 . 

In summary, we have demonstrated the presence of a spin- 
sensitive proximity effect in ferromagnet | triplet superconduc- 
tor bilayers. In particular, we have shown how the orienta- 
tion of the exchange field in the ferromagnet couples to the 
dk-vector of the proximity-induced triplet superconductivity 
leaking into the ferromagnet region, providing clearly distin- 
guishable features in the local density of states. With the on- 
going activity of characterizing novel superconducting mate- 
rials where triplet pairing is believed to be present, such as 
heavy-fermion compounds, we believe our results may serve 
as a useful tool to experimentally identify the superconducting 
pairing state. 
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